ABSTRACT: Neuromuscular impairments, such as quadriceps weakness and activation deficits, persist after anterior cruciate ligament reconstruction (ACLR). Recent research demonstrating changes in the function of the primary motor cortex after ACLR posits that quadriceps impairments may be influenced by reduced corticospinal excitability. The purpose of this study was to investigate whether the integrity of the neuromotor axis of the vastus medialis is altered in subjects 2 weeks post-ACLR compared to uninjured control subjects. Eighteen athletes 2 weeks post-ACLR and 18 age and sex matched uninjured control subjects participated in this crosssectional study. We quantified corticospinal (resting motor threshold, RMT; motor evoked potential amplitudes at 120% RMT, MEP 120 ) and intracortical (inhibition and facilitation) excitability using single and paired pulse transcranial magnetic stimulation (TMS), respectively. We assessed spinal-reflex excitability (H-reflex amplitude normalized to maximal M-wave, H/M ratio) using peripheral stimulation. Subjects post-ACLR had higher RMTs (p ¼ 0.001), greater MEP 120 amplitudes (p ¼ 0.001), and more asymmetric facilitation (p ¼ 0.041) than the uninjured control subjects. No significant group differences were found for intracortical inhibition (p ¼ 0.289) and H/M ratio (p ¼ 0.332). Our findings indicate that both intracortical and corticospinal excitability of vastus medialis are bilaterally altered in subjects 2 weeks after ACLR. Given persistent neuromuscular deficits seen after ACLR, rehabilitation strategies targeting intracortical and corticospinal deficits may potentially improve clinical outcomes. ß
Neuromuscular dysfunction of the quadriceps femoris muscle occurs after anterior cruciate ligament (ACL) rupture and ACL reconstruction (ACLR). [1] [2] [3] Quadriceps dysfunction includes weakness and voluntary activation deficits (i.e., arthrogenic muscle inhibition; AMI) that persist after injury and reconstruction. [4] [5] [6] [7] The mechanism of AMI is unclear but is thought to be caused by altered afferent information from the injured joint, resulting in altered efferent drive to the muscle. The corticospinal, intracortical, and/or spinalreflex pathways in the nervous system may be involved in the persistent strength and activation deficits. [8] [9] [10] A better understanding of the function of these pathways after ACLR is needed to mitigate chronic quadriceps dysfunction.
Studies using transcranial magnetic stimulation (TMS) indicate that changes in the excitability of the corticospinal tract may occur after ACL injury and ACLR. [9] [10] [11] [12] [13] Because neuromuscular deficits of the quadriceps are ubiquitous after ACLR, [14] [15] [16] [17] [18] the use of TMS to examine excitability in the primary motor cortex and the pathway to the quadriceps is warranted. Lepley and colleagues published the only longitudinal study exploring corticospinal excitability at multiple time points which included pre-surgery, 2 weeks after ACLR, and 6 months after ACLR. 10 The ACLR group demonstrated higher active motor thresholds (i.e., less corticospinal excitability) of the vastus medialis at 6 months compared to uninjured control subjects. No group differences were found pre-surgery or 2 weeks post-surgery. These findings suggest neuroplasticity, or changes in function, of the corticospinal tract occur from 2 weeks to 6 months after ACLR. Cross sectional studies using TMS also indicate alterations in corticospinal excitability to the vastus medialis when compared to a healthy control group. Subjects after ACLR demonstrate asymmetric active motor thresholds at a mean of 31 months after surgery compared to uninjured control subjects who were symmetric. 13 In addition at a mean of 48 months post-ACLR, subjects demonstrate higher active motor thresholds compared to controls. 12 Cross sectional studies also indicate a relationship exists between active motor thresholds and quadriceps activation and strength. 9, 12 The limited research thus far indicates that the corticospinal tract may be involved in chronic quadriceps dysfunction.
Paired pulse TMS can be used to examine excitability of the intracortical pathways. This involves two pulses (first a sub-threshold conditioning stimulus, followed by a supra-threshold test pulse) delivered in succession at a given interstimulus interval (ISI). 19 At shorter ISIs, the sub-threshold pulse leads to activation of inhibitory interneurons and thus a decreased response to the test pulse, while longer ISIs activate facilitatory interneurons and an increased response to the test pulse. 20 Only one study to date has examined intracortical excitability after ACLR. Intracortical inhibition and facilitation were measured separately at a mean of 44 months after ACLR. 8 There was a positive relationship between intracortical inhibition and quadriceps activation indicating that inhibitory circuits within the motor cortex may contribute to quadriceps activation deficits that are commonly seen after ACLR. No studies to date have examined intracortical excitability early post-ACLR. Examination of intracortical excitability early after ACLR will add to our understanding of neuroplasticity and help determine the timeframes for brain and/or spinal plasticity after ACLR.
The spinal-reflex pathway may also be involved in quadriceps dysfunction after ACLR. Spinal-reflex excitability is altered immediately after experimentally induced effusion and induced pain which attempts to simulate an acute knee injury. Studies indicate that induced effusion in the knee joint and higher pain is associated with decreases in spinal-reflex excitability. [21] [22] [23] [24] Only one study to our knowledge has investigated spinal-reflex excitability after ACL injury and ALCR, finding lower spinal-reflex excitability prior to surgery and 2 weeks after ACLR. 10 Findings from this study are consistent with the induced effusion studies as effusion and pain are often present following ACL injury and ACLR. Additionally, patients after ACLR demonstrate bilateral differences in spinal-reflex excitability when compared to healthy controls at a mean of 48 months after ACLR. 12 The pathways from the motor cortex to the target muscle are often not considered in traditional rehabilitation of orthopedic conditions. This is not surprising given the paucity of research exploring neuroplasticity, especially early after ACLR. Understanding how the brain functions early after ACLR is critical as this is the time when clinicians work consistently with patients. Waiting to the end of rehabilitation may delay the possible benefits of therapeutic interventions. Therefore, the purpose of this study was to examine corticospinal, intracortical, and spinal-reflex excitability in athletes 2 weeks after surgery. We hypothesized that athletes after ACLR would demonstrate differences in all three pathways compared to healthy matched controls. More specifically, we hypothesized that athletes after ACLR would demonstrate reduced corticospinal excitability, altered intracortical excitability (reduced intracortical facilitation and greater intracortical inhibition in the surgical limb), and reduced spinal-reflex excitability than their healthy matched counterparts.
METHODS

Subjects
Eighteen athletes after ACLR and 18 uninjured control subjects, between the ages of 18 and 30 years, were included in this individual case control study (level of evidence: 3b) which is part of a prospective longitudinal cohort study. Prior to injury, all subjects were Level I/II athletes 25 that participated in cutting, pivoting, and jumping sports greater than 50 h per year. Exclusion criteria for subjects in the ACLR group included any of the following: (1) multiple ligament reconstruction; (2) osteo-chondral procedures; (3) any previous lower extremity surgery; and (4) previous ACL injury. Metal or implants in the head or neck, history of neurological disease, seizures, severe migraines, and concussion within the last 6 months were TMS-specific exclusion criteria for both groups. The healthy control group was constructed by matching each ACLR subject by sex and age to a level I/II athlete without a history of lower extremity surgery or major lower extremity injury. In addition each athlete was matched by competitive level. Six athletes in each group were Division one collegiate athletes, two were club level collegiate athletes, three participated in intramural sports, and five participated in recreational sports. This study was approved by the institutions Institutional Review Board and all subjects completed informed consent.
Electromyography Electromyography (EMG) data was collected using a MA-300 system (Motion Lab Systems, Baton Rouge, LA). Following standard skin preparation, surface EMG electrodes (bar shaped double differential preamplifiers; Motion Lab Systems, Baton Rouge, LA) were placed over the muscle bellies of the vastus medialis bilaterally based on Seniam placement recommendations, 26 while a ground electrode was placed over the patella. Wraps were utilized to stabilize the electrodes and improve electrode to skin contact surface. Signals were amplified (Â4,000) and sampled at 5 kHz (Signal v5.11, Cambridge Electronic Design Limited, Cambridge, England) and stored for offline analysis. This experimental setup was used for both TMS and spinal-reflex testing.
TMS Testing
During testing, subjects were seated in a Biodex dynamometer with hips and knees flexed to 90˚. Subjects were fitted with a spandex skull cap. The vertex of the skull was identified as the intersection of a line marking the midpoint between the tragus of each ear and a line marking the midpoint between the nasion and inion of the skull.
Single and paired pulse TMS (Magstim 200 Bistim unit, The Magstim Company Ltd, UK) delivered via a double cone coil were utilized to obtain four measures. These measures were resting motor threshold (RMT), motor evoked potential (MEP) amplitude at an intensity of 120% RMT (MEP 120 ), short interval intracortical inhibition (inhibition), and intracortical facilitation (facilitation). The first two are measures of corticospinal excitability whereas the last two are measures of intracortical excitability. We selected these measures because each measure may reflect a different physiologic mechanism related to excitability of the motor cortex to the target muscle. 20 First, the "hot spot" (the location on the head that elicited the greatest MEP from the contralateral target vastus medialis muscle) was identified with the TMS stimulator set to a supra-threshold intensity. All measurements were performed with the stimulator positioned at this location and markings drawn on the cap ensured consistent coil positioning throughout testing. The RMT was identified through single pulse TMS. The RMT was defined as the lowest stimulator intensity able to elicit a measurable response (MEP ! 50 mV, unamplified) in at least 5 out of 10 pulses delivered with the limb at rest. 19, 27 RMT is expressed as a percentage of the maximal stimulator output (%MSO) and reflects membrane excitability of the central core region of a muscles representation within the primary motor cortex. 28 MEP 120 was calculated as the peak-to-peak amplitude of MEPs produced by single pulses delivered at an intensity of 120% of the RMT. The MEP 120 recruits a larger pool of neurons in the motor cortex as the 2942 ZARZYCKI ET AL. intensity is well above threshold intensities and therefore is more reflective of excitability within the entire cortical motorneuronal pool for a muscle. 29 MEP 120 values were normalized to the maximal M-wave.
Intracortical measures of inhibition and facilitation were elicited by pairing a subthreshold conditioning stimulus (intensity: 80% RMT) with a suprathreshold test stimulus (intensity: 120% RMT) and separated by an interstimulus interval (ISI) of 3 ms and 15 ms, respectively. Previous studies have established that ISIs between 1 ms and 5 ms lead to inhibition of the test stimulus while ISIs between 7 ms and 30 ms lead to facilitation of the test stimulus. 20, 30 Inhibition is mediated by inhibitory cortical interneurons that release the neurotransmitter gamma-aminobutyric acid (GABA), whereas facilitation is mediated by excitatory cortical interneurons that release the neurotransmitter glutamate onto non-N-methyl-D-aspartate receptors (NMDA). 20 Both intracortical excitability measures were also performed with the limb at rest. Values for inhibition and facilitation were expressed as a percentage of the test condition (120% RMT alone), such that higher percentages of inhibition would indicate less inhibition and higher percentages for facilitation would indicate more facilitation.
After determining RMT, 10 trials each of MEP 120 , inhibition and facilitation were collected, and averaged for each subject. These measures were obtained in randomized order for each subject. After completing testing of one hemisphere, the same procedures were repeated for the contralateral side. The order of testing of hemispheres was also randomized between subjects.
Spinal-Reflex Excitability
Subjects were positioned in supine with a half bolster under both knees. The femoral artery was identified through palpation. A bar electrode from a DS7A HV Current Stimulator (Digitimer Ltd, Hertfordshire, UK) was then positioned just lateral to the femoral artery over the femoral nerve. A 1 ms square wave electrical pulse was delivered (at least 10 s between pulses) at varying intensities until a Hoffmann's reflex (H-reflex) was produced. The intensity of the stimulator was increased until the maximal H-reflex was produced, as reflected by a decrease in amplitude when testing at higher intensities. The intensity was then increased until a maximal M-wave was produced, as reflected by no further increase in amplitude with increased intensity of the electrical pulse. The average peak-to-peak amplitude of three maximal H-reflexes were normalized to the average peak-topeak of three maximal M-waves to create the H/M ratio that was used for data analysis.
Self-Reported Function
All subjects completed the International Knee Documentation Committee Subjective Knee Form (IKDC) to quantify self-reported function. The IKDC is a validated instrument that is used for patients with various knee conditions (originally designed for knee ligament injuries) and includes questions about symptoms, sports and daily activities, and current knee function. 31 Pain and Effusion Testing Current, best, and worst pain were measured using a 0-10 numeric rating scale after completion of the neurophysiologic testing (Fig. 1) . Effusion was measured using the modified sweep test prior to neurophysiologic testing. 32 Statistical Analysis A power analysis was performed based on pilot data (five ACLR, five control) from this study using G Ã power software v3.9.2 (Universit€ at D€ usseldorf, D€ usseldorf, Germany). 33 Effect size calculation, based on the primary outcome measure (RMT) indicated that 12 subjects in each group were needed to achieve a statistical power of 0.80.
A 2-way mixed analysis of variance (ANOVA) was used to determine group differences, limb differences, and group by limb interactions. When a significant interaction was present, post hoc analyses were completed using t-tests with Bonferroni corrections. Limb dominance determined which limb of the control group was analyzed with the surgical or non-surgical limb of the ACLR group. For example, if a subject underwent ACLR on their dominant limb, the dominant limb of the matched control would be analyzed with the surgical limb and the non-dominant limb with the nonsurgical limb. Limb dominance was determined by asking the subject which leg they preferred to kick a ball with. Independent t-tests were used to examine group differences in demographics and IKDC.
RESULTS
Eighteen subjects (sex: 10 women, 8 men; graft type: 5 bone-patella tendon-bone autograft, 8 hamstring autograft, 3 allograft), and 18 uninjured control subjects (10 women, 8 men) completed testing at a mean of 14 AE 3 days after ACLR. There were no significant group differences in age (ACLR: 21.8 AE 3.3, control: 22.2 AE 2.5, p ¼ 0.633) or BMI (ACLR: 24.6 AE 3.0, control: 26.4 AE 2.5, p ¼ 0.224). There was a significant group difference in IKDC (ACLR: 33.0 AE 7.0, control: 99.1 AE 1.7, p < 0.001). Current, best, worst pain levels in the ACLR group were 2.4 AE 1.5, 0.7 AE 1.0, and 5.9 AE 1.9, respectively. Eleven subjects presented with a 3þ effusion, 4 with a 2þ, 1 with a 1þ, and 2 with trace effusion.
Three subjects in the ACLR group (two men, one woman) demonstrated RMTs greater than 85% of the stimulator output in the non-surgical limb. Therefore, MEP 120 , facilitation, and inhibition were not measured in these three subjects' non-surgical limbs.
Corticospinal Excitability
There was a main effect of group in both measures of corticospinal excitability. The ACLR group demonstrated higher RMTs 
Intracortical Excitability
There was not a significant main effect of group with either intracortical measures (i.e., inhibition and facilitation; Table ( (Fig. 2 ).
Spinal-Reflex Excitability
H-reflexes were unable to be elicited in one subject from the ACLR group (one woman) and four controls (one man, three women). Therefore, 17 subjects after ACLR and 14 control subjects were included in this analysis. There was no main effect of group (p ¼ 0.332), limb (p ¼ 0.744), or group by limb interaction (p ¼ 0.195) with the spinal-reflex excitability measure.
Sex Differences
Examining sex differences was not a primary aim of this study. However, after analyzing the group means of the RMT and facilitation in the ACLR group we noticed sex differences. Based on this observation we performed an additional analysis in which we added one more factor (sex) to our model (2 Â 2 Â 2 mixed-ANOVA: Group Â Limb Â Sex). We were specifically interested in the main effect of sex, group by sex interaction, and group by sex by limb interaction. We found a main effect of sex for RMT (p ¼ 0.049) and MEP 120 (p ¼ 0.048), and a trend for facilitation (p ¼ 0.093) ( Table 2 ). There were no two-way or threeway interactions. No trends or significant differences were found with the inhibition and H/M measures after sex was added to the model (p ! 0.256).
DISCUSSION
The purpose of this study was to compare corticospinal, intracortical, and spinal-reflex excitability between athletes 2 weeks after ACLR and athletes without a history of significant lower extremity injury. Our hypotheses were partially supported. The hypothesis that corticospinal excitability would be lower in the ACLR group was supported, while our hypotheses of lower intracortical facilitation, greater intracortical inhibition, and lower spinal-reflex excitability were not. There were no group differences in spinal-reflex excitability and intracortical inhibition. Group differences in intracortical facilitation were present but not in the direction of our hypothesis. The ACLR group presented with asymmetrical facilitation while the control group was symmetrical. Collectively, the results of this study indicate that alterations in the corticospinal and intracortical pathways are evident as early as 2 weeks after surgery. Due to this study's design we are not able to delineate whether these alterations were a result of the surgery, present before the surgery, or present prior to injury. Despite this, the results of this study offer important considerations to rehabilitation following ACLR. First, rehabilitation techniques to directly address the corticospinal and intracortical pathways may be warranted immediately after ACLR. Waiting until later in the rehabilitation process may not be ideal. In addition, the brain hemisphere contralateral to the non-surgical limb also appears to be altered. These brain alterations may represent a biomarker for recovery after ACLR or possibly an innate characteristic of the nervous system in athletes that experience an ACL injury.
Subjects in the ACLR group demonstrated higher RMTs and higher MEP 120 in both the surgical and nonsurgical limbs compared to the control group. In fact, when comparing each ACLR subject's surgical limb to their matched control subject, we found that 78% of ACLR subjects (14/18) had higher RMTs and 83% (15/ 18) had higher MEP 120 . With higher RMTs, greater stimulation intensities are required to obtain consistent responses, thus indicating that the motor cortices of the ACLR group were less excitable. The higher MEP 120 measure indicated greater MEP amplitudes for a given stimulus intensity, thus greater excitability in the ACLR group. While these two findings seem to contradict each other, it is important to note that these measures recruit different pools of neurons within the motor cortex. At threshold intensities, only the central core region, or the most excitable neurons are recruited. 29 When stimulator intensities are increased to well above threshold intensities (e.g., 120%) less excitable neurons and potentially neurons deeper in the cortex are recruited. 29 The findings from our study may indicate that while subjects early after ACLR require more initial drive to elicit consistent responses (i.e., higher RMT), once a large number of cortical neurons are activated, their overall excitability is greater. Another possibility is that following ACLR, there is a larger pool of neurons available (i.e., quadriceps motor cortical representation is larger than uninjured control subjects) to be activated during the MEP 120 . While research mapping the motor cortex in orthopedic conditions is limited, a recent study found an altered quadriceps map in patients with chronic patellofemoral pain. 34 Interestingly, secondary analysis found that there was a significant negative correlation (r ¼ À0.433, p ¼ 0.019) between RMTs and MEP 120 amplitudes in the ACLR group. This negative relationship indicates that ACLR subjects with higher RMTs had lower MEP 120 . When analyzing the correlation between RMT and MEP 120 in the control group we did not find a significant correlation (r ¼ À0.229, p ¼ 0.207). Therefore, the finding of a negative relationship between RMT and MEP 120 in the ACLR group supports the notion of reduced initial cortical drive yet exaggerated responses when more neurons are activated.
The significant group by limb interaction with the facilitation measure was another interesting finding of this study. Our initial hypothesis regarding facilitation that the ACLR group's surgical limb would demonstrate reduced facilitation was partially supported by the findings. The ACLR group demonstrated asymmetrical facilitation characterized by less intracortical facilitation to the surgical limb compared to the nonsurgical limb; however, the limbs were not different than the controls. Over the first 2 weeks following ACLR there is a reliance on the non-surgical limb due to the trauma from the surgery and immobilization. This increased reliance may explain higher facilitation on the non-surgical limb. The differences in facilitation between the ACLR and control groups, as well as the bilateral difference in RMT and MEP 120 , indicate bilateral aberrations in motor cortex function to the quadriceps muscle group. This is consistent with the finding that there are bilateral deficits in quadriceps strength after ACL injury and ACLR. 1, 5, 35 The results of our study indicate that altered function of the motor cortex may be involved in persistent quadriceps weakness bilaterally. Interventions likely need to target both limbs after ACLR.
To the best of our knowledge, this is the first study to identify altered excitability in the primary motor cortex early after ACLR. Only one other study to date used TMS to examine corticospinal excitability 2 weeks after ACLR. Lepley et al. 10 found no differences in two TMS measures between patients after ACLR and their control group. Differences in study design and subject populations may explain the contrasting results. First, while Lepley et al. 9 used two similar methods to the current study (motor threshold and MEP 120 ), these measures were taken during an active condition in which subjects held 5% of their quadriceps maximal volitional isometric contraction during the TMS pulse. Active contraction of the muscle primes the nervous system allowing lower stimulator intensities to produce consistent MEPs. 36 At 2 weeks after ACLR most patients have pain and effusion. Both impairments have the potential to influence excitability of the nervous system especially during an active condition. Additionally, a study using EEG found that patients after ACLR demonstrated increased frontal Theta power compared to controls during a force matching task indicating higher neurocognitive involvement. 37 Higher neurocognitive involvement during an active, force matching task may also account for differences in the present study's findings versus the study by Lepley and colleagues. Another difference between the present study and the Lepley et al. 9 study is the distribution of graft types. Eleven of 20 subjects (55%) of the ACLR group in the Lepley et al. 9 study underwent ACLR with a bone-patellar tendon-bone autograft (BPTB) while the remainder (45%) had a hamstring autograft (HS). Our population included five BPTB autografts (31%), eight HS autografts (50%), and three allografts (19%). The combination of an active condition and a higher percentage of BPTB may explain differences in findings between the studies. Future studies should attempt to determine if differences in graft type affect corticospinal, intracortical, and spinal-reflex excitability.
Lepley et al. 10 found group differences in H/M ratio 2 weeks after surgery with the ACLR group displaying less excitability in both the surgical and non-surgical limbs. We found no group differences in this measure at the same time point. Discrepancies in these findings could also be related to the differences in graft types between studies. While evidence examining pain between graft types early after ACLR is sparse, a recent study found higher pain at 1 and 2 days after ACLR in subjects with BPTB autografts when compared to HS autografts. 38 The subjects who underwent BPTB autografts in our study did report higher worst pain on a 0-10 numeric rating scale (group: Mean AE SD; BPTB: 7.2 AE 0.8; HS: 5.8 AE 1.5; allograft: 3.7 AE 3.1). Higher pain levels are associated with lower spinal-reflex excitability. 23 The evidence of higher pain in BPTB autografts coupled with evidence showing less spinalreflex excitability with induced pain may explain why Lepley et al. 9 found lower spinal-reflex excitability in their cohort compared to controls. This illustrates another reason to examine excitability of the nervous system by graft type with future research.
Findings from this study indicate that cortical excitability may differ between men and women independent of group. While this study was not powered to identify sex differences, we did find a significant main effect of sex for MEP 120 and RMT, and a trend for facilitation. When examining these means, however, it is evident that the differences are being driven by the women in the ACLR group. The women in the ACLR group demonstrated greater MEP 120 , lower RMTs, and reduced facilitation than the men in the ACLR group. No studies to date in the ACLR population have identified sex differences in cortical excitability. Based on the findings from our current study and the established higher primary and secondary ACL injury risk in women, future research should examine the effect of sex on cortical excitability after ACLR.
There are limitations to this study. First, TMS only provides information regarding output from the motor cortex. Quadriceps muscle dysfunction after ACLR results from altered sensory and proprioceptive pathways. 5 This study was not able to delineate if and how alterations in the afferent pathways, separate from the alterations in the efferent pathways, affected our results. Future research using techniques such as paired associative stimulation may provide this additional insight. A second limitation lies in the fact that inhibition, facilitation, and MEP 120 were not elicited on the non-surgical limb of three ACLR subjects and an H-reflex was not elicited in one ACLR subject and four controls. Missing these data could have potentially affected our results, but the effect, if any is likely small. Imputing the data was not performed due to the small sample size. Additionally, all subjects in the ACLR group received a femoral nerve block and a tourniquet was used during surgery. Nerve blocks and tourniquets may affect EMG activity after ACLR. 39, 40 However, this alone could not explain the bilateral group differences that we detected.
In conclusion, athletes 2 weeks after ACLR had higher RMTs, greater MEP 120 , and altered intracortical facilitation compared to a sex, age, and activity matched uninjured cohort. Differences were also seen between limbs. These findings suggest that neural drive to both limbs is altered as early as 2 weeks after ACLR. The present study, to our knowledge, is the first to indicate that neuroplasticity may be evident early after ACLR. While findings from this study are important for clinicians to consider, there is not yet enough evidence early after ACLR to warrant modifying current standards of practice. More research is needed to understand what these potential differences mean, whether they are adaptive or mal-adaptive, whether they are a result of surgery or present beforehand, and determine if treatment can alter them.
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